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The last step of polyamine catabolism involves the oxidation of 3-aminopropanal or 4-aminobutanal
via aminoaldehyde dehydrogenase. In this study, two apple (Malus x domestica) AMADH genes were
selected (MdAMADH1 and MdAMADH2) as candidates for encoding 4-aminobutanal dehydrogenase
activity. Maximal activity and catalytic efficiency were obtained with NAD+ and 3-aminopropanal,
followed by 4-aminobutanal, at pH 9.8. NAD+ reduction was accompanied by the production of
GABA and b-alanine, respectively, when 4-aminobutanal and 3-aminopropanal were utilized as
substrates. MdAMADH2 was peroxisomal and MdAMADH1 cytosolic. These findings shed light on
the potential role of apple AMADHs in 4-aminobutyrate and b-alanine production.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
4-Aminobutyrate (GABA) is a ubiquitous, non-proteinaceous
four-carbon amino acid that functions in metabolism and cell
signaling. GABA markedly accumulates in plants subjected to var-
ious biotic and abiotic stresses including anoxia, chilling, drought,
salinity and mechanical damage [1–3] and is biosynthesized via
two distinct pathways. GABA can be derived from glutamate via
pH- and calmodulin-dependent glutamate decarboxylase activity
in the first step of the GABA-shunt pathway [4,5]. Alternatively,
oxidation of putrescine and spermidine can contribute to GABA
production [6].In dicotyledonous plants, the copper-containing amine
oxidases (CuAO; EC 1.4.3.22) are responsible for the conversion
of putrescine to 4-aminobutanal (ABAL), spermidine to
1,3-diaminopropane and ABAL, and 1,3-diaminopropane to
3-aminopropanal (APAL) [7,8]. ABAL is in rapid non-enzymatic
equilibrium with D1-pyrroline, and the oxidation of these two
metabolites is often considered to be catalyzed by the same
enzyme, generally referred to as NAD+-dependent aminoaldehyde
dehydrogenase (AMADH, EC 1.2.1.19) [6], leading to the biosynthe-
sis of GABA. The activity of plant AMADHs has generally been
determined as substrate-dependent NADH production and there
is only preliminary evidence, using excised tissue or crude protein
extract, for the production of GABA from ABAL [9,10].
AMADHs are classified into several different aldehyde dehydro-
genase families (ALDH9, ALDH10, ALDH25, ALDH26 and ALDH27)
[11,12]. ALDH9 enzymes are found in animals, fungi and bacteria,
whereas ALDH10 enzymes are found in plants and bacteria, and
ALDH25, ALDH26 and ALDH27 enzymes are found in bacteria. All
plant AMADHs classified as ALDH10 display 70–85% sequence
identity to each other and 35–39% sequence identity with
bacterial, fungal or mammal orthologs from the other families
[13–15]. Genome analysis of several higher plant species has
revealed two homologous AMADH genes per species, with the
exception of cucumber, grape and maize [14–16].
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4-aminoaldehyde dehydrogenase, 4-guanidinobutyraldehyde
dehydrogenase, betaine aldehyde (BAL) dehydrogenase or
trimethylaminobutyraldehyde dehydrogenase, depending on sub-
strate preference. Missihoun et al. [16] reported the existence of
two putative AMADH genes in Arabidopsis, AtALDH10A8 and
AtALDH10A9, although it was possible to generate and purify
recombinant AtALDH10A9 only in sufficient quantities for demon-
stration of NAD+ reduction in the presence of BAL, ABAL or APAL.
Furthermore, these authors suggested that AtALDH10A8 and
AtALDH10A9 are targeted to leucoplast and peroxisome, respec-
tively. Study of the biochemical properties of plant AMADHs has
become attractive because of the potential involvement of these
enzymes in important physiological processes. For example,
Basmati or Jasmine rice, which lacks a functional ABAL dehydroge-
nase protein, acetylate ABAL (or its cyclic form D1-pyrroline),
resulting in the accumulation of 2-acetyl-D1-pyrroline, a potent
component of rice fragrance [17]. Plant AMADHs also catalyze
the biosynthesis of osmoprotectants such as glycine betaine via
the oxidation of BAL in the chloroplast stroma [14,18]. Other
research has described the accumulation of GABA in fruits, partic-
ularly apple, stored under controlled atmosphere conditions,
which include low temperature, low O2 and elevated CO2 (0–3 C,
1–2.5 kPa O2, 2–20 kPa CO2) [6,19,20].
Previous research has demonstrated that the peroxisomal
MdAO1 gene is highly expressed in apple fruit and the encoded
protein prefers diamines such 1,3-diaminopropane, putrescine
and cadaverine as substrates [7]. In the present study, two AMADH
genes were identified and cloned from the ALDH10 gene family
(designated as MdAMADH1 and MdAMADH2). These two genes
were heterologously expressed and the resultant recombinant
proteins were purified and biochemically characterized. Both
proteins catalyzed the NAD+-dependent oxidation of APAL and
ABAL to b-alanine and GABA, respectively, but BAL was a very poor
substrate. Transient expression of green fluorescent protein (GFP)
fusions in Arabidopsis protoplasts revealed that MdAMADH2 is
peroxisomal, whereas MdAMADH1 is cytosolic.2. Materials and methods
2.1. Gene constructs
Details of the cloning strategy and primer list are provided in
the Supplementary Materials and Methods.
2.2. MdAMADH expression in various plant organs
Total RNA was extracted from the frozen powder of mature
fruit, fully expanded leaves, and opened flowers as described
previously [7]. One microgram of Dnase I (Ambion) treated total
RNA was used for first-strand cDNA synthesis with Oligo(dT)20
and Superscript III (Invitrogen, Carlsbad, CA) at 50 C for 30 min
followed by 55 C, according to the manufacturer’s protocol.
Quantitative real time PCR was conducted as described previously
[7]. Relative expression and data analysis were determined using
the 2DCt method [21] and the apple Elongation factor 1-a
(MdEF-1a, Apple Genome Database MDP0000294265), as a supe-
rior housekeeping gene that is constitutively expressed [22,23].
The efficiency of the primer pairs was determined and only pairs
with 90–105% efficiency were selected for further experiments.
Two technical replicates were averaged for each biological repli-
cate, and the mean of three biological replicates was determined
for each organ. Primer sequences utilized in gene expression of
MdAMADH1,MdAMADH2 andMdEF-1a are listed in Supplementary
Table S1.2.3. Expression and purification of recombinant proteins
Escherichia coli strain BL21 cells (EMD Millipore) were trans-
formed with standard transformation methods [24]. Recombinant
protein expression was induced by adding 0.4 mM isopropyl
b-D-1-thiogalactopyranoside to the Lysogeny broth medium sup-
plemented with 50 lg mL1 ampicillin after attaining an OD600 of
0.5. The cells were harvested 4 h after induction and then stored
at 80 C. Bacterial lysis and purification of recombinant protein
were performed as described elsewhere [7]. Fractions containing
high protein levels were pooled and precipitated on ice by slowly
adding ammonium sulfate, with gentle stirring, to 80% saturation.
Total proteins were visualized by SDS–PAGE gel electrophoresis,
followed by staining with Coomassie Blue R-250 using standard
protocols. Immunoblot analysis was based on a semi-dry method
using a mouse monoclonal IgG against the His probe (Santa Cruz
Biotechnology, 1:1000) and an anti-mouse IgG–Alkaline Phos-
phatase (Sigma, 1:10,000) as primary and secondary antibodies,
respectively [7]. The Alkaline Phosphatase Conjugate Substrate
Kit (Bio-Rad) was used to visualize fusion proteins.
2.4. Assay of enzymatic activity
Enzymatic activity was assayed as the substrate-dependent
production of NADH [13] or GABA and b-alanine [25]. Details are
provided in the Supplemental Materials and Methods.
2.5. Transient transformation of Arabidopsis cell suspension
protoplasts
Protoplasts were prepared from Arabidopsis thaliana cell
suspension culture ecotype Col-0 as described previously [26].
N- and C-terminal GFP-fusion plasmids containing apple
AMADHs were co-transformed with either mCherry peroxisome
(pRTL2/Cherry-PTS1) [27], or cytosolic red fluorescent protein
(RFP) (pRTL2-MCS-RFP-stop) [28] marker. Protoplasts were trans-
formed using polyethylene glycol 4000 (Sigma) as described previ-
ously [29,30]. Confocal laser scanning microscopy was performed
with an upright Leica DM 6000B microscope connected to a Leica
TCS SP5 system. The excitation/emission scan settings were
488 nm/505 nm for the mGFP channel and 543 nm/610 nm for
the RFP/mcherry channel. Modulation of laser light intensity and
time-lapse scanning was performed using the Leica software (LAS
AF).3. Results
3.1. Sequence comparison, conserved motifs and phylogenetic
relationship of MdAMADHs and some characterized AMADHs
In silico analysis of the apple genome database revealed two
putative members of the ALDH10 gene family. Full length genes
were cloned using apple fruit cDNA, followed by rapid amplifica-
tion of cDNA ends. These genes were designated by the common
names MdAMADH1 (GenBank Acc. No. KP218040) and MdAMADH2
(GenBank Acc. No. KP218041) for our purposes, but were recently
classified by the ALDH nomenclature committee [11] as ALDH10A9
and ALDH10A8, respectively. MdAMADH1 and MdAMADH2 encode
proteins of 55.0 and 54.6 kDa, respectively, and are 94.8% identical
to each other. MdAMADH1 shares 82.6% identity with A. thaliana
AtALDH10A8 and 79.1% identity with AtALDH10A9, whereas
MdAMADH2 shares 82.8% identity with AtALDH10A8 and 80.5%
identity with AtALDH10A9. Comparison of the putative AMADHs
from apple with characterized AMADHs from other plant species
reveals that apple and Arabidopsis AMADH isoforms are very
Fig. 2. Activity of MdAMADHs as a function of pH. Assays were run at room
temperature with HEPES–Glycine buffer, 1 mM ABAL and 1 mM NAD+. Activity is
expressed as a percent of the activity at the pH optimum (100%: 1.2 and
1.5 lmol1 min1 mg1 for MdAMADH1 and MdAMADH2, respectively). Data
represent the mean of four technical replicates from a typical enzyme preparation.
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ALDH10 family in various species are the result of independent
gene duplication [15]. Sequence comparisons indicate that apple
AMADHs possess three highly conserved catalytic residues
(N162, E260 and C294, MdAMADH numbering), which form the
active site in PsAMADHs [31], and two conserved aspartate resi-
dues located at the entrance of the substrate channel (D110,
D113), as well as Y163 and W288, which are considered essential
for high-affinity binding of x-aminoaldehydes such as APAL [32]
(Supplementary Fig. S1). Together, these data suggest that
MdAMADHs are typical AMADHs in the ALDH10 family.
3.2. Expression analysis of MdAMADHs
The levels of MdAMADH1 or MdAMADH2 expression were simi-
lar across fruit, leaves and flowers (Fig. 1). However, the expression
of MdAMADH1 was two to three times that for MdAMADH2 in all
organs studied.
3.3. Biochemical properties and substrate specificity of apple AMADHs
The cDNAs for MdAMADH1, MdAMADH2 were individually
expressed in E. coli and the recombinant His-tagged proteins puri-
fied to homogeneity, as indicated by Coomassie blue staining and
immunoblot analysis of the soluble and affinity-purified fractions
(Supplementary Fig. S2). Enzyme activity was determined as the
production of NADH during the oxidation of APAL, ABAL or BAL;
activity with BAL was detected only after increasing the protein
concentration in the enzymatic reaction to ten times the level used
for the APAL-dependent reaction (i.e., 100 nM). Initial measure-
ments of maximal BAL-dependent activity were two to three
orders of magnitude less than those for APAL and therefore BAL
was omitted from the kinetic studies. Stability tests revealed that
recombinant apple AMADH proteins retained their enzymatic
activity for several months after ammonium sulfate precipitation
and storage at 80 C. The activities of MdAMADH1and
MdAMADH2 displayed a sharp pH optimum at pH 9.8, a similar
pattern over the pH range 7–11, and 20% of their maximal activity
at pH 8 (Fig. 2). The maximal APAL-dependent activities of
MdAMADH1 and MdMADH2 with saturating NADP+ were only
10–20% of those with saturating NAD+ (data not shown).
NAD+-dependent activities at pH 9.8 demonstrated that
MdAMADH1 and MdAMADH2 display partial substrate inhibition
for both APAL and ABAL (Table 1; Supplementary Fig. S3). TheFig. 1. Organ-specific expression of two MdAMADH genes. Transcript abundance in
corresponding organs was quantified by real-time RT-PCR using gene-specific
primers and normalized to a housekeeping gene, EF-1a. Data represent the
mean ± S.E. of three biological replicates.enzymes have approximately four to 18 times higher affinity and
65–120 times higher catalytic efficiency for APAL than ABAL. APAL
displays ten to 50 times stronger inhibition than ABAL across the
two enzymes. These findings are in general agreement with
previous reports for ZmAMADH1a, ZmAMADH1b, ZmAMADH2,
PsAMADH1 and PsAMADH2 [13,31]. When APAL was provided at
a subsaturating level to limit substrate inhibition and allow for suf-
ficient catalytic rates, there was a three-fold range in affinity for
NAD+ across the enzymes (Table 1).
To confirm the biochemical function of the MdAMADHs, ABAL
or APAL was supplied to the recombinant proteins in vitro at con-
centrations approximately two times their corresponding Km val-
ues in order to minimize substrate inhibition. The production of
GABA or b-alanine was readily detectable within 30 s after initiat-
ing the reactions, and the accumulation of these products over
time depended on enzyme concentration and substrate preference
(Fig. 3). Notably, the estimated initial reaction rates were similar to
those obtained by monitoring NADH production (Supplementary
Fig. S3). Furthermore, the accumulation of b-alanine rapidly
reached a plateau, even though 56–69% of the substrate remained,
suggesting that enzymatic activity was subject to product inhibi-
tion (Fig. 3).
3.4. Subcellular localization of apple AMADHs
Amino acid sequence analysis revealed that the MdAMADHs, as
well as AtALDH10A9, OsAMADH1, OsAMADH2, ZmAMADH1a,
ZmAMADH1b, ZmAMADH2, HvAMADH1, PsAMADH1, PsAMADH2
and SlAMADH2 proteins possess a C-terminal canonical
peroxisomal targeting signal 1 (PTS1, SKL), whereas AtALDH10A8,
HvAMADH2, SoBADH and SlAMADH1 do not (Supplementary
Fig. S1). AtALDH10A8 is reported to localize to the leucoplast
[16], whereas SoBADH and HvBBD2 are plastidial and cytosolic,
respectively [18,33]. The subcellular location of SlAMADH1 has
not been studied.
To examine the subcellular localization of apple AMADHs,
Arabidopsis protoplasts were transformed with GFP-fusion
constructs and organellar markers such as mCherry peroxisomal
and RFP cytosolic were employed. The subcellular locations of
the GFP-tagged AMADHs were determined by confocal laser-
scanning microscopy. In all cases, both C- and N-terminal GFP
fusion constructs were made to exclude the possibility that
localization was dependent on the position of the GFP tag. GFP-
MdAMADH1 did not co-localize with the mCherry peroxisomal
Table 1
Kinetic parameters of MdAMADHs.
Substrate/coenzyme MdAMADH1 MdAMADH2
Vmax
b Km Kis kcat/Km Vmax Km Kis kcat/Km
ABALa 1.2 84.8 3300 0.01 1.9 160 1115 0.01
APALa 11.3 16.0 60.6 0.66 11.2 8.6 94.5 1.22
NAD+c 5.4 33.8 – 0.15 20.9 82.8 – 0.23
a The kinetic parameters for each MdAMADH were determined using a typical enzyme preparation and a reaction solution containing 50 mM glycine–NaOH buffer at pH
9.8, 1 mM NAD+, 10% glycerol, 10 mM 2-mercaptoethanol and various concentrations of ABAL or APAL. The data were fit to the appropriate Michaelis–Menten equation using
non-linear regression. The kinetic curves are shown in Supplementary Fig. S3.
b Vmax (lmol min1 mg1 protein), Km (lM), catalytic efficiency (kcat/Km) and substrate inhibition constant (Kis, lM) are shown for each substrate or coenzyme, as
appropriate.
c NAD+ dependence was estimated in the presence of 40 lM APAL to minimize substrate inhibition; therefore, these parameters are apparent values.
Fig. 3. Production of GABA and b-alanine by recombinant MdAMADH1 (A) and
MdAMADH2 (B) incubated with ABAL or APAL. For assay of ABAL-dependent
activities, the 5 mL reactions contained 50 nM protein, 1 mM NAD+ and 200
(MdAMADH1) or 300 (MdAMADH2) lM ABAL, whereas for assay of APAL-
dependent activities, the reactions contained 10 nM protein, 1 mM NAD+ and 30
(MdAMADH1) or 20 (MdAMADH2) lM APAL. Data represent the mean of three
technical replicates from a typical enzyme preparation. Closed and open circles
represent GABA and b-alanine, respectively. The estimated rates of GABA produc-
tion at 30 s were 0.96 and 2.16 lmol min1 mg1 protein for MdAMADH1 and
MdAMADH2, respectively. The corresponding rates of b-alanine production were
11.95 and 13.4 lmol min1 mg1 protein, respectively. Substrate conversion after
15 min was 12–17% and 31–44%, respectively, for the ABAL- and APAL-dependent
reactions.
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structures and partially co-localized with the mCherry peroxiso-
mal marker (i–l). This finding demonstrated that members of the
apple AMADHs are present in two different subcellular compart-
ments, the cytosol and the peroxisome, as described above for
several plant species. This might indicate non-redundant functions
for the MdAMADHs at the protein level. MdAMADH1-GFP and
MdAMADH2-GFP co-expressed with RFP cytosolic were exclusively
localized in cytosol (Fig. 4e–h and m–p, respectively). Similarbehavior has been observed with C-terminal GFP fusion constructs
of MdAO1 [7]. This suggests that the targeting role of the
C-terminus PTS1 is masked in the MdAMADH1-GFP and
MdAMADH2-GFP fusion proteins by the GFP tag.4. Discussion
GABA can be derived via the oxidative deamination of polyami-
nes in addition to the GABA-shunt pathway [6]. A pharmacological
approach estimated that the terminal oxidation of putrescine
accounts for 39% of the GABA concentration in roots of soybean
seedlings exposed to salt stress [34]. There is a paucity of
information about the role of polyamine oxidation in GABA biosyn-
thesis in fruit [35]. Recently, Zarei et al. [7] described an apple fruit
MdAO1 that is peroxisomal and has high catalytic efficiency for
1,3-diaminopropane and putrescine to produce APAL and ABAL,
respectively.
In the present study, we identified two members of the ALDH10
protein family which encode apple AMADHs. The pH optimum for
MdAMADH1 and MdAMADH2 was 9.8. These findings are consis-
tent with the pH optima (9.4–10.2) of plant AMADHs that have
been previously characterized (i.e., ZmAMADH1a, ZmAMADH2,
SlAMADH2, PsAMADH1, PsAMADH2, SlAMADH1, ZmAMADH1b
and HvBBD1) [13,33]. It has been proposed that the catalytic
C294 (MdAMADH numbering) preserves its thiolate form when
pH is significantly above 8 to accelerate nucleophilic attack at
the substrate [13]. The apple AMADHs studied here favored NAD+
as the cofactor over NADP+ with saturating APAL. Previously,
Kopecˇny´ et al. [13] reported that the E188 residue (pea, apple or
Arabidopsis AMADH numbering) is responsible for NAD+ preference
(Supplementary Fig. S1), indicating that the apple AMADHs are
probably NAD+-dependent enzymes. The apple AMADHs had
negligible activities with BAL, findings similar to those
previously reported for ZmAMADH1b, ZmAMADH2, SlAMADH2
and PsAMADHs [13]. Notably, Muñoz-Clares and co-workers
[14,15] demonstrated that residue position 441 (SoBADH number-
ing) must be occupied by A or C for efficient BAL oxidation. For
example, the BAL-dependent activity of a SoBADH A441I mutant
is only 0.5% of that for the wild-type protein. This position (residue
444 based on numbering of the apple and Arabidopsis AMADHs) is
generally occupied by an Ile residue in plant AMADHs
(Supplementary Fig. S1); exceptions are ZmAMADH1a, HvAMADH2
and SoBADH, which have high affinity for BAL and where I is
replaced by C, C and A, respectively [14,15], suggesting that the
apple ALDH10 family proteins studied here should not be very
active, if at all, with BAL.
In the present study, we demonstrated that in vitro APAL was
preferred over ABAL as a substrate (Table 1 and Fig. 3). However,
the compartmentation and pH optimum of the enzyme, as well
as availability of the alternative substrates, would be important
determinants in the functional role of the enzyme in vivo. Notably,
Fig. 4. Subcellular localization of MdAMADH1 and MdAMADH2 fusion proteins in Arabidopsis cell suspension protoplasts. Confocal laser scanning microscopic images of a
protoplast transformed simultaneously with plasmid expressing either GFP-MdAMADH1 (a), MdAMADH1-GFP (e), GFP-MdAMADH2 (i) or MdAMADH2-GFP (m) (i.e., the first
column) and mCherry peroxisomal marker (b and j) or RFP cytosolic marker (f and n) (i.e., the second column). A merged image of the GFP and mCherry or RFP fluorescence
images is shown in the third column (c, g, k and o) and co-localization of green and red fluorescence signals appears yellow. Cell morphology was observed with transmitted
light microscopy and is shown in fourth column (d, h, i and p). Images were taken 16 h after transformation. The experiment was repeated three times with similar results.
Bars represent 10 lm.
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enzyme is becoming a better recognized phenomenon, which is
thought to enhance the performance of cellular functions [36].
Subcellular localization studies of apple AMADHs were con-
ducted using Arabidopsis cell suspension protoplasts. A majority
of plant AMADHs is targeted to the peroxisome, as indicted by
the presence of the C-terminal PTS1, but there is also evidence
for plastidial and cytosolic localizations [16,18,33]. The presence
of canonical PTS1 (SKL) suggests thatMdAMADH1 andMdAMADH2
would localize to the peroxisome. Surprisingly, the expressedMdA-
MADH1 fusion protein appeared to reside in the cytosol, whereas
MdAMADH2 was partially targeted to the peroxisome (Fig. 4).
Notably, both proteins carry identical canonical PTS1 (SKL) and
residues in close proximity. Ma and Reumann [37] demonstrated
that four and more acidic residues located in close proximity to
SKL (10 amino acid upstream of SKL) are incompatible with perox-
isomal targeting, altering SKL to a non-functional PTS1. The apple
AMADHs possess two acidic residues in close proximity. This
may explain partial localization of MdAMADH2 in the peroxisome,
although the minimum number of acidic residues that are required
to hinder peroxisome targeting by SKL has not been determined
[37]. Unpredictable masking of PTS1 surface exposure and compe-
tition between targeting signals are potential explanations for a
non-functional SKL which could prevent MdAMADH1 from reach-
ing the peroxisome. Recently, it has been reported that peroxiso-
mal proteins often exhibit dual localization and this phenomenon
is more widespread than previously thought [38]. Cytosolic
AMADH1 could be retained in the cytosol by various mechanismssuch protein-protein interaction, protein conformational change
in response to pH, or other post-translational modifications, and
then released and targeted to the organelle via stress-specific sig-
nal perception [39]. This hypothesis would be in agreement with
the marked difference between the slightly acidic pH of cytosol
and the strongly alkaline pH optima of AMADHs, and with the tar-
geting of the N-terminus and full-length protein of AtALDH10A8 to
leucoplasts and cytosol, respectively [16]. This point must be clar-
ified by future study.Acknowledgments
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